INTRODUCTION
The recovery of small numbers of motile spermatozoa after the freezing of human semen to -79°or to -196°C was reported by Jahnel (1938) , Shettles (1940) , Hoagland & Pincus (1942) and Parkes (1945) . However, it was not until Polge, Smith & Parkes (1949) discovered that glycerol could be used to protect most mammalian spermatozoa, including human spermatozoa, from freezing damage that the recovery of large numbers of motile spermatozoa became possible. Sherman & Bunge (1953) Bunge (1960) has continued this work and is freezing raw human semen with 10% glycerol in a dry ice cabinet at a rapid rate ('fast freezing'), since he states that the 'specimens were usually frozen solid within 5 min', but no data on pre-or post-freezing motilities are presented. Sherman (1954, 1955, 1962) , working independently, has continued to report methods for the fast freezing (= -25°C /min) of raw human semen 'over the surface of liquid nitrogen', but did not include data on the survival of the spermatozoa as ratings of sperm motility. In 1963 he presented the first data based on pre-and post-freezing motility ratings on thirty specimens from fifteen donors, which indicated that raw human semen (mean motility = 50%) with 10% glycerol added, fast frozen either with dry ice or with liquid nitrogen, had mean post-thaw motilities of 29% and 35% respectively. Zim¬ merman, Maude & Moldawer (1964) , using a similar technique, froze speci¬ mens from fifty donors (mean motility = 67-9%) with liquid nitrogen and reported a comparable mean post-thaw motility of 26%. Recently, however, Perloff, Steinberger & Sherman (1964) , using the same technique with six high quality specimens selected for artificial insemination (mean spermatozoal concentration = 132-7 million/ml and mean motility = 82-5%), reported a much higher post-thaw motility (61-7%).
The important scientific and practical achievements resulting from the use of frozen bull semen are based on the fact that methods have been developed to dilute bull semen without marked loss of viability or fertility so that, after the freezing and storage of the diluted semen, it is possible to inseminate a large number of cows with the spermatozoa from a single ejaculate. The preparation of many ampoules of frozen diluted semen from a single ejaculate also makes it practical to replicate so that duplicate ampoules may be prepared and examined at intervals, treatment effects may be quantitatively measured and the variance among ampoules treated alike may be used as an error term to test for the significance of treatment differences. Studies based on frozen raw (undiluted) human semen must remain qualitative or, at best, semi-quantitative since there is not enough volume in a single ejaculate (1 to 4 ml) to permit treatment replication or the calculation of an error variance term. Frozen raw human semen is essentially a fascinating scientific curiosity which can be used to produce a limited number of conceptions. The use of frozen diluted human semen is a prerequisite for controlled and replicated investigations and for practical studies of the fertility of frozen human semen in artificial insemination.
The work with raw human semen, by Sherman & Bunge (1953) , and Bunge (1960) and by Sherman (1954 Sherman ( , 1955 Sherman ( , 1962 Sherman ( , 1963 , was based on 'fast freezing', i.e. S -25°C /min, a procedure which is radically different from the 'slow freezing', i.e.
-1 or -2°C /min, which was originally reported for human semen (Polge, Smith & Parkes, 1949) and which is widely used for the freezing of bull semen for artificial insemination (Mixner, 1955; VanDemark, Miller, Kinney, Rodriguez & Friedman, 1957 It has been noted (White, 1954) that human spermatozoa rapidly lose their motility upon dilution with the conventional phosphate diluents widely used for bull semen. We have also found ) that dilution of human semen with 0-25 M-disodium phosphate or with a more complex phosphate buffer (after White, 1954) Preliminary reports on several phases of this work have been made (Freund & Wiederman, 1962 .
METHODS
The semen specimens used in these studies were received from medical students and the procedures involved in the collection, reception and examination of these specimens have been previously described in detail (Freund, 1962 (Freund, , 1963 The automatic set-up for the programmed, controlled and recorded freezing of semen has been described in detail (Freund & Wiederman, 1963 Norman-Johnson-Solution 1 ('JV-J-). N-J-l is a relatively complex solution, 0-0734 M-sodium citrate, 0-0204 M-calcium nitrate, 0 0018 M-magnesium sulphate, 0-0024 M-sodium sulphate, 0-0014 M-potassium nitrate, 0-0015 mpotassium chloride, 0-0002 M-monosodium phosphate, with the addition of 500 mg% glucose (Norman et al., 1960 Norman, 1961) .
Physiological saline. This solution was made up with 0-9%, sodium chloride and 500 mg% glucose. 6 M. Freund and J. Wiederman Phosphate diluter. This diluent is a modification (0-0329 M-monosodium phosphate, 0-0406 M-disodium phosphate, 0-0360 M-sodium chloride, 0-0010 M-magnesium chloride, 0-0040 M-potassium chloride) of a formula developed by White (1954) with the addition of 500 mg% glucose.
Seminal plasma. Seminal plasma was prepared by an initial centrifugation at Table 1 effect of diluent and of dilution rate on sperm motility (five pooled specimens) (1957) . The manufacturer reserves the right to disclose the exact composition of diluents 5 and 6 directly to interested research workers.
The percentage motility and forward progression ratings were made at 37°C on dilutions of five pooled semen specimens, except in the case of seminal plasma where sufficient volume of plasma was available from only three of the five pooled specimens.
The motility immediately after dilution and the maintenance of motility upon incubation were a function of diluent and of dilution rate (Table 1 and   Table 2 analysis of variance of the effects of diluent and of dilution rate on sperm motility (five pooled specimens) Source , and in the preliminary work for this study, it was noted that 2-9% sodium citrate, a standard diluent for bull semen, was ex¬ tremely toxic to human spermatozoa in that it arrested their motility within seconds after dilution. This is particularly striking in view of the fact that the best diluent in this series, N-J-l, is also based on sodium citrate (2-2% (1964) . These data and Sawada's work (1964) may be used to explain the physiological basis for some of the procedures developed by Sherman (1954 Sherman ( , 1955 Sherman ( , 1962 Sherman ( , 1963 for the freezing of raw human semen. Sherman reported no effect of cold shock (1955), or only a very slight effect (1963) , because he examined the specimens as rapidly as possible after 'cold shocking' and re-warming them and did not follow them for 4 hr, as was done in this study (Table 3) , or for 24 hr, as was done by Sawada (1964) . Marked detrimental effects of cooling on motility may be seen at 60 min or even at 30 min, but apparently not before that time (Sherman, 1963 The results are, however, quite different when semen which has been diluted with a good diluent, e.g. N-J-l, is cooled from +25 to +5°C. In this case (Table 4 ) spermatozoal motility was maintained as well for 240 min in semen diluted with N-J-l and 'slow cooled' to +5°C over a 4-hr period, as in semen diluted with N-J-l and incubated at +25°C . The addition of 10% egg yolk had a slight but consistent beneficial effect, particularly during the first 120 min, but no statistically significant effect was noted over the entire 240-min period. Evidently, the N-J-l diluent exerted a protective and beneficial effect on the Table 4 effect of dilution and of added egg yolk on sperm motility in semen 'slow- Of interest is the observation that a large part of the cooling damage is done to both the 'fast-cooled' and 'slow-cooled' raw semen by 60 min of incubation (Table 3) , while semen diluted 1 : 5 with N-J-l is relatively unaffected during the first 60 min of slow cooling (Table 4) . 'Fast cooling' has been defined by Sherman (1963) , and in this study, as a drop in temperature from +25 to + 5°C in 10 min. No data, however, have been published on the actual rate of drop in temperature during 'slow cooling' of small volumes of raw or diluted human semen and the slow-cooling process, i.e. the cooling of the semen from becomes apparent that the rate of decrease in temperature is not constant during the whole of the cooling period. There was a rapid decline in temperature during the first hour (25-0 to 12-9°C ), followed by increasingly smaller de¬ clines in each succeeding hour (second hour: 12-9 to 8-8°C ; third hour: 8-8 to 7-0°C ; fourth hour: 7-0 to 6-2°C ; fifth hour: 6-2 to 5-9°C ). When these data are traced on an arith-arith plot, this change in rate of cooling becomes evident (Text-fig. 2 ). These data were also plotted on semi-log paper, but did not yield the straight line which might have been expected. However, when the data were plotted on log-log paper, a straight line could be drawn through the points (Text-fig. 2 4-5°C. in the flask (first hour: 25-0 to 14-4°C ). However, the cooling rate of the water was the same during the second hour (14-4 to 10-3°C ) and was faster during the succeeding periods (third hour: 10-3 to 7-8°C ; fourth hour: 7-8 to 6-4°C ; fifth hour: 6-4 to 5-7°C After this series of preliminary trials, six freezing experiments were made on pooled semen specimens, using the complete seven-step procedure described in 'Methods'. This procedure is based on the published details of the methods for freezing bull semen, the experience developed in the preliminary work in this study and on several refinements developed during the course of the study. The survival of the spermatozoa, in pooled semen specimens diluted 1 : 5 with N-J-l with the addition of 10% egg yolk and 7% glycerol, slow cooled from + 25 to +5°C , and frozen at the rate of -1°C /min from +5 to -70°C , Table 5 freezing Pickett, Fowler & Cowan (1960) that the motility of bull spermatozoa was maintained at a higher level upon storage at -196°C than at -79°C and by Sherman (1963) (Norman, 1964) . In a preliminary study (five trials), N-J-2 preserved sperm motility slightly better 14 M. Freund and J. Wiederman than did N-J-l at 1 : 5 and at 1 : 25 dilution upon incubation at 25°C for 300 min, but the difference was not significant.
Six freezing trials were made, on pooled semen specimens, to compare N-J-l and N-J-2 at 1 : 5 dilution for use as diluents in the freezing of human semen. The data demonstrate (Table 6 ) that there was no significant difference between N-J-l and N-J-2 in terms of their utility as diluents for freezing experiments. These data also confirm the observation that human semen diluted 1 : 5 with either N-J-l or N-J-2 may be stored for 8 months at -85°C with little or no loss of viability but that there is an appreciable decline in motility after 15 months storage at -85°C.
It is of the greatest interest that N-J-l, a diluent based on nitrates and sulphates, is an excellent medium for human spermatozoa and is as good as N-J-2, a diluent of equal molarity and cation composition but based on chlorides. Norman (1961 Norman ( , 1964 , whose N-J-l and N-J-2 Solutions are excellent diluents for human semen.
The use of N-J-l and N-J-2 Solutions with human semen permits the design of critical experiments in which the effects of dilution can be distinguished from the effects of diluent. Such an experiment has been made in this study (Table  1 and Text- fig. 1 ). These data distinguish between the effects of dilution rate ('dilution effect') and of diluent (toxic effect). The diluents which were most detrimental were the two (No. 5 and No. 6, Table 1 ) which were based on the citrate solutions commonly and successfully used for bull semen. These diluents were strongly inhibitory and, even at the lower dilutions, resulted in a rapid immobilization of the spermatozoa. Their toxic effects were markedly evident at the higher dilutions (1 : 25 and 1 : 125) where they almost immediately resulted in a cessation of spermatozoal motility. However, when N-J-l Solution was used, at the 1 : 1 and 1 : 5 dilution rates, motility was maintained as well as or better than in the undiluted semen (Table 1 and Text- fig. 1 ). This has been a consistent finding with N-J-2 Solution, as well. At the next higher dilution rate (1 : 25), the maintenance of motility was slightly less than that in raw semen, while at the highest dilution rate (1 : 125), both the initial motility and the maintenance of motility upon incubation for 300 min were markedly reduced. These data strongly indicate the existence of a true 'dilution effect', which is confirmed by the magnitude and statistical significance of the mean square for dilution rate ( Table 2) .
The specific ionic requirements of human spermatozoa have led to the use of diluents other than the conventional citrate or phosphate bull semen diluters, which suggests the presence of important physiological differences between human and bull spermatozoa. However, N-J-l and N-J-2, the diluents of choice for human semen, are also excellent diluents for bull semen (Norman, 1961 (Norman, , 1964 . Thus it cannot be concluded that the ionic requirements of human and of bull spermatozoa are completely different. Rather, it is suggested that there must be some factors in the standard citrate or phosphate diluents which are inimical to human but not to bull spermatozoa. Another possibility is that the ionic requirements of human spermatozoa are more specific and/or complex than those of bull spermatozoa so that the N-J solutions but not the other diluents can be used with human spermatozoa. It is proposed, as a working 16 M. Freund and J. Wiederman hypothesis, that the differences in bull and in human spermatozoal metabolism which have been reported 
